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Circ_0000064 promotes high glucose-
induced renal tubular epithelial cells injury 
to facilitate diabetic nephropathy progression 
through miR-532-3p/ROCK1 axis
Huanlan Wang1†, Shenghua Huang1†, Taotao Hu1, Shizhi Fei1 and Huanqiao Zhang2* 

Abstract 

Background:  Circular RNA (circRNA) has been shown to mediate diabetic nephropathy (DN) development by regu-
lating renal tubular epithelial cells (RTECs) injury. However, the role and mechanism of circ_0000064 in high glucose 
(HG)-induced RTECs injury have not been fully elucidated.

Methods:  Human RTECs (HK-2) were exposed to HG to induce cell injury. Cell oxidative stress was assessed by 
detecting the levels of oxidative stress-markers. Moreover, cell proliferation and apoptosis were determined by CCK8 
assay, EDU assay and flow cytometry. The protein levels of proliferation markers, apoptosis markers and Rho-associ-
ated coiled-coil-containing kinase 1 (ROCK1) were measured using western blot analysis. Furthermore, quantitative 
real-time PCR was performed to assess the expression of circ_0000064, microRNA (miR)-532-3p and ROCK1. The 
interaction between miR-532-3p and circ_0000064 or ROCK1 was confirmed by dual-luciferase reporter assay and 
RNA pull-down assay.

Results:  Our results revealed that HG treatment could promote HK-2 cells oxidative stress, apoptosis, fibrosis, and 
inhibit proliferation. Circ_0000064 expression was increased in the serum of DN patients and HG-induced HK-2 cells, 
and silenced circ_0000064 could relieve HG-induced HK-2 cells injury. MiR-532-3p could be sponged by circ_0000064, 
and its overexpression also alleviated HG-induced HK-2 cells injury. Besides, the regulation of circ_0000064 knock-
down on HG-induced HK-2 cells injury could be reversed by miR-532-3p inhibitor. Additionally, ROCK1 was a target 
of miR-532-3p, and its expression was inhibited by circ_0000064 knockdown. The inhibition effect of circ_0000064 
knockdown on HG-induced HK-2 cells injury also could be reversed by overexpressing ROCK1.

Conclusion:  In summary, circ_0000064 knockdown might alleviate HG-induced HK-2 cells injury via regulating the 
miR-532-3p/ROCK1 axis, which provided a new perspective for DN treatment.
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Background
Diabetic nephropathy (DN) is the most common micro-
vascular complication in diabetic patients and is related to 
metabolic abnormalities caused by hyperglycemia [1, 2]. 
Recently, the incidence of DN has been increasing year by 
year, and it has become one of the important causes of death 
in diabetic patients [3, 4]. It is of great social significance to 
clarify DN pathogenesis and delay its development. Abnor-
mal function of renal tubular epithelial cells (RTECs) are the 
key joint leading to DN, and its apoptosis can lead to abnor-
mal tubular reabsorption and renal fibrosis, thereby accel-
erating the progression of DN [5, 6]. Therefore, elucidating 
the molecular mechanism that affects the RTECs injury is 
essential for seeking potential therapeutic targets for DN.

Circular RNA (circRNA) is a non-coding RNA formed by 
the covalent closure of the 5’end and 3’end of the precursor 
mRNA [7, 8]. Highly abundant and evolutionarily conserved 
circRNA has been found to play a vital role in cardiovascu-
lar diseases, neurological diseases and cancer [9, 10]. Cur-
rent research believes that circRNA has powerful biological 
functions. It can sponge microRNAs (miRNAs) to indirectly 
regulate mRNA expression, which is called competitive 
endogenous RNA (ceRNA) function [11, 12]. At present, 
many circRNAs have been found to regulate the injury of 
RECTs. For example, circHIPK3 could promote high glu-
cose (HG)-induced HK-2 cells proliferation and inhibit 
apoptosis to alleviate DN progression [13]. Circ_0003928 
was discovered to enhance the apoptosis and inflammatory 
cytokines secretion of HK-2 cells induced by HG, confirm-
ing that circ_0003928 might facilitate DN progression [14].

Circ_0000064 is a newly discovered circRNA that plays 
an important role in DN development. In the past research, 
circ_0000064 knockdown was found to inhibit HG-induced 
mesangial cells oxidative stress, inflammation and extracellu-
lar matrix accumulation [15]. Circ_0000064 also had a posi-
tively regulation on mesangial cells proliferation and fibrosis 
[16]. However, it is not clear whether circ_0000064 can also 
mediate the progression of DN by regulating RECTs injury. 
Past research pointed out that miR-532-3p was significantly 
downregulated in many renal progressive diseases, including 
DN, and its expression was related to the activity of apoptotic 
pathways [17]. Rho-associated coiled-coil-containing kinase 
1 (ROCK1) is a protein serine/threonine kinase that has been 

shown to be involved in a variety of biological functions in 
cells [18]. Many studies have shown that ROCK1 is signifi-
cantly expressed in DN patients and is involved in the regula-
tion of DN progression [19–21].

Here, our study clarified the role and mechanism of 
circ_0000064 in DN development through HG-induced 
RECTs injury. According to our research, we found that 
circ_0000064 could sponge miR-532-3p and miR-532-3p 
could target ROCK1. Therefore, we proposed and veri-
fied the hypothesis that circ_0000064/miR-532-3p/
ROCK1 axis regulates DN progression.

Materials and methods
Serum samples
37 DN patients and 37 normal healthy volunteers (undergo-
ing physical examination) were recruited from Wuhan No.1 
Hospital. DN patients were divided into 2 groups: microal-
buminuria group (30 mg/24 h  < UAER < 300 mg/24 h) and 
macroalbuminuria group (UAER > 300 mg/24 h). The clini-
cal characteristics of DN subjects was shown in Table  1. 
The bloods of patients and normal healthy volunteers were 
collected and centrifuged to obtain serum samples. For our 
research, each participant signed the informed consent. Our 
research was approved by the Ethics Committee of Wuhan 
No.1 Hospital and was performed in accordance with the 
Declaration of Helsinki.

Cell culture and transfection
Human RTECs (HK-2; ATCC, Manassas, VA, USA) were 
cultured in DMEM medium (Gibco, Grand Island, NY, 
USA) supplemented with 10% FBS (Gibco) and 1% penicil-
lin/streptomycin (Invitrogen, Carlsbad, CA, USA) at 37 °C 
with 5% CO2. For confirming the effect of HG on the bio-
logical functions of HK-2 cells, HK-2 cells were cultured 
under normal glucose (NG, 5.6 mM D-glucose; Sigma-
Aldrich, St. Louis, MO, USA), HG (30 mM D-glucose) and 
high-mannitol (5.6 mM D-glucose + 24.4 mM mannitol) 
conditions for 24 h as previously described [22, 23].

Cell transfection
The small interference RNA of circ_0000064 (si-
circ_0000064), miR-532-3p mimic or inhibitor (miR-
532-3p or anti-miR-532-3p), pcDNA3.1 ROCK1 
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overexpression vector, the siRNA of ROCK1 (si-ROCK1), 
and their negative controls were synthesized from 
Genepharma (Shanghai, China). Lipofectamine 3000 
(Invitrogen) was used to transfect the siRNA (50 nM), 
miRNA mimic (50 nM), miRNA inhibitor (50 nM) and 
vectors (4.0 μg) into HK-2 cells. After transfection for 
24 h, cells were treated with HG for 24 h.

Determination of SOD and MDA levels
The levels of SOD and MDA in the lysates of HK-2 cells 
were measured to assess cell oxidative stress according 
to the instructions of SOD and MDA Assay Kits (Shang-
hai Enzyme-linked Biotechnology Co., Ltd., Shanghai, 
China), respectively.

Cell counting kit 8 (CCK8) assay
After transfection or treatment, HK-2 cells were har-
vested and re-seeded into 96-well plates. After cultured 
for 48 h, 10 μL CCK8 solution (Dojindo, Kumamoto, 
Japan) was added into cells and incubated for 4 h. Finally, 
the optical density (OD) was measured by a microplate 
reader at 450 nm to assess cell viability.

EDU assay
EDU Cell Proliferation Kit (Beyotime, Shanghai, China) 
was used to measure cell proliferation. In brief, HK-2 cells 
in 6-well plates were cultured for 48 h. Then, cells were 
treated with EDU solution for 2 h, Click Reaction Buffer for 
30 min and DAPI solution for 10 min. Under a fluorescence 
microscope, cell fluorescence images were obtained and 
EDU positive cells were counted using Image J software.

Western blot (WB) analysis
RIPA lysis buffer (Beyotime) was used to extract total 
protein. 30 μg protein was separated by 10% SDS-PAGE 

gel and transferred to PVDF membrane followed by 
hatched with non-fat milk. Afterwards, the membranes 
were treated with anti-PCNA (1:1000, ab18197, Abcam, 
Cambridge, MA, USA), anti-cyclin D1 (1:1000, ab16663, 
Abcam), anti-Bax (1:2000, ab32503, Abcam), anti-
Bcl2 (1:5000, ab182858, Abcam), anti-ROCK1 (1:500, 
ab134181, Abcam), anti-cleaved-caspase3 (1:1000, 
ab2302, Abcam), anti-α-SMA (1:1000, ab5694, Abcam), 
anti-collagen I (1:1000, ab34710, Abcam) or anti-β-actin 
(1:1000, ab8227, Abcam) followed by incubated with 
Goat Anti-Rabbit IgG antibody (1:20,000, ab205718, 
Abcam). BeyoECL Moon Detection Kit (Beyotime) was 
used to visualize the protein bands and the band density 
was analyzed by Image J Software.

Flow cytometry
After transfection or treatment, HK-2 cells were har-
vested and washed with PBS. After suspended with 
1 × binding buffer, cells were then stained with Annexin 
V-FITC and PI solution in the dark for 15 min in accord-
ance with the instructions of Annexin V-FITC Apoptosis 
Kit (Biovision, Milpitas, CA, USA). FACScan flow cytom-
eter was used for analyzing, and cell apoptosis rate was 
analyzed by CellQuest software. For measuring cell cycle 
process HK-2 cells were fixed with precooled 70% etha-
nol and stained with RNase A and PI solution for 30 min 
in line with the instructions of Cell Cycle Detection Kit 
(Beyotime). Finally, cell cycle distribution was analyzed 
using FACScan flow cytometry.

Quantitative real‑time PCR (qRT‑PCR)
Total RNA from serum samples and HK-2 cells was 
extracted using RNAiso reagent (TaKaRa, Dalian, 
China), and cDNA was synthesized by PrimeScript RT 
Reagent Kit (TaKaRa). QRT-PCR was performed by 

Table 1  Characteristics of the participants stratified

BMI body mass index, SBP Systolic blood pressure, DBP Diastolic blood pressure, PP Pulse pressure, FPG Fasting plasma glucose, eGFR Estimated glomerular filtration 
rate, UACR​ Urinary albumin-to-creatinine ratio, TG Triglycerides, TC Total cholesterol

Clinical parameter normal microalbuminuria macroalbuminuria

Age (years) 51.6 ± 10.5 60.1 ± 11.8 65.9 ± 12.8

Duration of diabetes (years) 5 (1, 8) 9 (4, 14) 12 (9, 22)

BMI (kg/m2) 24.1 (22.4, 25.9) 24.8 (22.5, 27.1) 25.1 (23.1, 26.1)

SBP (mmHg) 133 ± 19 147 ± 20 151 ± 22

DBP (mmHg) 82 ± 12 86 ± 13 84 ± 11

PP (mmHg) 49 (42, 58) 55 (44, 66) 66 (48, 78)

FPG (mmol/L) 7.68 (6.32, 9.61) 8.66 (6.32, 10.25) 8.96 (6.65, 10.95)

eGFR (ml/min/1.73m2) 101.2 (92.3, 108.5) 89.2 (80.5, 96.8) 52.3 (41.5, 59.6)

UACR (mg/g) 8 (5, 13) 99 (62, 149) 411 (198, 771)

TG (mmol/L) 1.55 (1.01, 2.15) 1.75 (1.98, 2.36) 1.76 (1.89, 2.59)

TC (mmol/L) 4.81 (4.01, 5.63) 5.12 (4.65, 5.96) 5.01 (4.33, 5.75)
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SYBR Green Reagent (TaKaRa) and specific primers. 
Fold change was calculated with 2-ΔΔCT method and nor-
malized by β-actin or U6. The primer sequences were 
shown in Table 2.

Dual‑luciferase reporter assay
According to the binding sites and mutant sites between 
miR-532-3p and circ_0000064 or ROCK1 3’UTR, the 
wild-type and mutant-type vectors of circ_0000064 
(circ_0000064WT/MUT or ROCK1-3’UTR​WT/MUT) were 
constructed using pmirGLO luciferase reporter. HK-2 
cells were transfected with miR-532-3p mimic and the 
above vectors using Lipofectamine 3000. 48 h later, lucif-
erase activity (Firefly/Renilla) was evaluated using Dual-
luciferase Reporter Gene Assay Kit (Beyotime).

RNA pull‑down assay
This assay was used to further confirm the interac-
tion between circ_0000064 and miR-532-3p. In brief, 
biotin-labeled miR-532-3p probe (Bio-miR-532-3p) and 
negative control probe (Bio-miR-NC) constructed and 
synthesized by Genepharma were transfected into HK-2 
cells. 48 later, cell lysates were incubated with Dynabeads 
Streptavidin (Invitrogen), and circ_0000064 enrichment 
was examined by qRT-PCR.

Table 2  Primer sequences used for PCR

Name Primers for PCR (5′-3′)

circ_0000064 Forward CTA​GAG​GCG​GTG​GCG​TTG​

Reverse TGA​GGT​CCC​CAG​TGCCC​

ROCK1 Forward AAA​TTG​CTT​TCC​GCT​GCT​GG

Reverse CGC​AGC​AGG​TTG​TCC​ATT​TT

miR-532-3p Forward GCC​GAG​CCT​CCC​ACA​CCC​AAGG​

Reverse CTC​AAC​TGG​TGT​CGT​GGA​G

β-actin Forward CTT​CGC​GGG​CGA​CGAT​

Reverse CCA​CAT​AGG​AAT​CCT​TCT​GACC​

U6 Forward CTC​GCT​TCG​GCA​GCACA​

Reverse AAC​GCT​TCA​CGA​ATT​TGC​GT

Fig. 1  HG could induce HK-2 cells injury. HK-2 cells were cultured under HG, NG or mannitol condition. A-B Cell oxidative stress was assessed by 
determining the levels of SOD and MDA. CCK8 assay (C) and EDU assay (D) were performed to assess cell proliferation. E-G The protein expression of 
PCNA and cyclin D1 was measured by WB analysis. H Cell apoptosis rate was evaluated by flow cytometry. I-K WB analysis was used to examine the 
protein expression of Bax and Bcl2. ***P < 0.001
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Statistical analysis
Data were presented as mean ± SD from 3 independent 
experiments. Statistical analysis was performed using 
GraphPad Prism Version 8.0. Differences between groups 
were analyzed using Student’s t-test or ANOVA followed 
by Tukey’s post-hoc test. P < 0.05 was considered signifi-
cant difference.

Results
HG could induce HK‑2 cells injury
After HG treatment, we assessed the oxidative stress, 
proliferation and apoptosis of HK-2 cells. Through 
detecting the levels of oxidative stress markers, we 
found that SOD level was reduced and MDA level was 
enhanced in HG-treated HK-2 cells compared to the NG 
group and mannitol group (Fig.  1A-B). Further analysis 
showed that HG could inhibit the viability and the EDU 
positive cells (Fig. 1C-D), as well as decease the protein 
expression of proliferation markers PCNA and cyclin D1 
(Fig.  1E-G). In addition, HG treatment also enhanced 
cell apoptosis rate, increased apoptosis marker Bax and 
cleaved-caspase3 protein expression, promoted fibrosis 

marker α-SMA and collagen I protein expression, and 
deceased anti-apoptosis marker Bcl2 protein expression 
in HK-2 cells (Fig.  1H-K and Supplementary Fig.  1A). 
These data indicated that HG could promote the oxida-
tive stress and apoptosis, while inhibit the proliferation of 
HK-2 cells, confirming that HG could induce HK-2 cells 
injury.

Circ_0000064 was overexpressed in DN patients 
and HG‑induced HK‑2 cells
Circ_0000064, located at chr1: 44446997-44,447,136, has 
a length of 139 bp and is derived from B4GALT2 genic 
(Fig.  2A). By detecting the expression of circ_0000064 
in the serum of DN patients and normal healthy volun-
teers, we confirmed that circ_0000064 was upregulated 
in DN patients with microalbuminuria and was higher in 
macroalbuminuria patients (Fig. 2B). Besides, the highly 
expressed circ_0000064 also was found in HG-induced 
HK-2 cells compared to the NG group and mannitol 
group (Fig. 2C). This suggested that the high expression 
of circ_0000064 might be related to the progression of 
DN.

Fig. 2  Circ_0000064 was overexpressed in DN patients and HG-induced HK-2 cells. A The basic information of circ_0000064 was shown. B The 
expression of circ_0000064 in the serum of DN patients with microalbuminuria or macroalbuminuria and normal healthy volunteers was measured 
by qRT-PCR. C QRT-PCR was performed to detect circ_0000064 expression in HK-2 cells under HG, NG or mannitol condition. ***P < 0.001
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Circ_0000064 knockdown alleviated HG‑induced HK‑2 cells 
injury
To determine the role of circ_0000064 in DN pro-
gression, circ_0000064 was silenced in HK-2 cells 
using si-circ_0000064. The detection of circ_0000064 

expression confirmed that si-circ_0000064 indeed 
reduced circ_0000064 expression in HG-induced HK-2 
cells (Fig.  3A). After knockdown of circ_0000064, 
HG-induced oxidative stress in HK-2 cells could 
be significantly reduced, showing that SOD level 

Fig. 3  Circ_0000064 knockdown alleviated HG-induced HK-2 cells injury. HK-2 cells were transfected with si-NC or si-circ_0000064 and then treated 
with HG. A QRT-PCR was used to measure circ_0000064 expression. B-C The levels of SOD and MDA were measured to assess cell oxidative stress. 
CCK8 assay (D) and EDU assay (E) were used to detect cell proliferation. F-H WB analysis was utilized to determine the protein expression of PCNA 
and cyclin D1. I Flow cytometry was used to assess cell apoptosis rate. J-L The protein expression of Bax and Bcl2 was detected by WB analysis. 
**P < 0.01, ***P < 0.001
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was increased and MDA level was decreased in the 
HG + si-circ_0000064 group (Fig.  3B-C). Moreover, 
circ_0000064 silencing could enhance the viability, 
EDU positive cells and the protein expression of PCNA 
and cyclin D1 in HG-induced HK-2 cells (Fig.  3D-H). 
Also, the detection of cell cycle distribution showed 
that si-circ_0000064 promoted the cell cycle in HG-
treated HK-2 cells, while anti-miR-532-3p reversed 
this effect (Supplementary Fig.  2). Also, downregula-
tion of circ_0000064 inhibited the apoptosis rate and 
suppressed Bax, cleaved-caspase3, α-SMA and col-
lagen I protein expression, while promoted Bcl2 pro-
tein expression in HG-induced HK-2 cells (Fig.  3I-L 
and Supplementary Fig.  1B). Above all, these results 
showed that circ_0000064 knockdown could relieve 
HG-induced HK-2 cells injury, confirming that 
circ_0000064 might promote DN progression.

MiR‑532‑3p could be sponged by circ_0000064
To explore the mechanism of circ_0000064 regulated 
DN progression, the circinteractome online software 
was used to search for the targeted miRNA. As a result, 
we found the complementary binding sites between 
miR-532-3p and circ_0000064 (Fig.  4A). MiR-532-3p 
was discovered to be lowly expressed in the serum of 
DN patients and HG-induced HK-2 cells (Fig. 4B-C). In 
addition, dual-luciferase reporter assay and RNA pull-
down assay were used to further verify the interaction 
between miR-532-3p and circ_0000064. The results 
showed that miR-532-3p mimic could only specifi-
cally inhibit the luciferase activity of circ_0000064WT 
vector (Fig.  4D), and circ_0000064 could be mark-
edly enriched in the Bio-miR-532-3p probe (Fig.  4E). 
These results revealed that circ_0000064 could sponge 
miR-532-3p.

Fig. 4  MiR-532-3p could be sponged by circ_0000064. A The binding sites and mutant sites between circ_0000064 and miR-532-3p were shown. 
B The expression of miR-532-3p was detected by qRT-PCR in the serum of DN patients with microalbuminuria or macroalbuminuria and normal 
healthy volunteers. C QRT-PCR was used to measure the miR-532-3p expression in HK-2 cells under HG, NG or mannitol condition. Dual-luciferase 
reporter assay (D) and RNA pull-down assay (E) were used to assess the interaction between circ_0000064 and miR-532-3p. ***P < 0.001
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Fig. 5  MiR-532-3p relieved HG-induced HK-2 cells injury. HK-2 cells were transfected with miR-NC or miR-532-3p mimic and then treated with 
HG. A The expression of miR-532-3p was detected by qRT-PCR. B-C Cell oxidative stress was analyzed by detecting the levels of SOD and MDA. 
Cell proliferation was assessed using CCK8 assay (D) and EDU assay (E). F-H The protein expression of PCNA and cyclin D1 was examined using WB 
analysis. I Cell apoptosis rate was analyzed using flow cytometry. J-L The protein expression of Bax and Bcl2 was determined using WB analysis. 
**P < 0.01, ***P < 0.001
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MiR‑532‑3p relieved HG‑induced HK‑2 cells injury
To confirm the role of miR-532-3p in DN progression, 
HK-2 cells were transfected with miR-532-3p mimic 
and then treated with HG. By detecting miR-532-3p 
expression, we confirmed that miR-532-3p expres-
sion was significantly enhanced in HG-induced HK-2 

cells (Fig.  5A). Overexpressed miR-532-3p increased 
SOD level and inhibited MDA level in HG-induced 
HK-2 cells (Fig.  5B-C). Meanwhile, the proliferation 
of HK-2 cells induced by HG was markedly promoted 
by miR-532-3p overexpression, which showed that the 
cell viability, the EDU positive cells and the protein 

Fig. 6  Circ_0000064 regulated HG-induced HK-2 cells injury by sponging miR-532-3p. A QRT-PCR analysis was performed to measure miR-532-3p 
expression in HG-induced HK-2 cells transfected with anti-miR-NC or anti-miR-532-3p. B-L HK-2 cells were transfected with si-NC, si-circ_0000064, 
si-circ_0000064 + anti-miR-NC or si-circ_0000064 + anti-miR-532-3p, and then treated with HG. B-C The levels of SOD and MDA were determined to 
measure cell oxidative stress. Cell proliferation was analyzed using CCK8 assay (D) and EDU assay (E). F-H WB analysis was used to detect the protein 
expression of PCNA and cyclin D1. I Cell apoptosis rate was analyzed by flow cytometry. J-L The protein expression of Bax and Bcl2 was examined 
by WB analysis. *P < 0.05, **P < 0.01, ***P < 0.001
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expression of PCNA and cyclin D1 were increased in 
the HG + miR-532-3p group (Fig.  5D-H). In addition, 
miR-532-3p mimic also suppressed the apoptosis rate 
and the Bax, cleaved-caspase3, α-SMA and collagen 
I protein expression, while enhanced the Bcl2 protein 
expression in HG-induced HK-2 cells (Fig.  5I-L and 
Supplementary Fig.  1C). All data showed that miR-
532-3p might play a negative role in DN progression.

Circ_0000064 regulated HG‑induced HK‑2 cells injury 
by sponging miR‑532‑3p
To investigate whether circ_0000064 sponged miR-
532-3p to regulate DN progression, we performed 

the rescue experiments. The transfection of anti-miR-
532-3p indeed reduced miR-532-3p expression in HG-
induced HK-2 cells (Fig.  6A). After that, HK-2 cells 
were co-transfected with si-circ_0000064 and anti-miR-
532-3p followed by treated with HG. Our data showed 
that the enhancing effect of si-circ_0000064 on SOD 
level and the suppressive effect on MDA level in HG-
induced HK-2 cells could be abolished by miR-532-3p 
inhibitor (Fig. 6B-C). Meanwhile, miR-532-3p inhibitor 
also reversed the promotion effects of si-circ_0000064 
on cell viability, the EDU positive cells, and the pro-
tein expression of PCNA and cyclin D1 in HG-induced 
HK-2 cells (Fig.  6D-H). Through measuring cell 

Fig. 7  MiR-532-3p targeted ROCK1. A The binding sites and mutant sites between miR-532-3p and ROCK1 3’UTR were shown. B-C The mRNA 
and protein expression of ROCK1 in the serum of DN patients with microalbuminuria or macroalbuminuria and normal healthy volunteers was 
examined by qRT-PCR and WB analysis. D WB analysis was used to measure the protein expression of ROCK1 in HK-2 cells under HG, NG or mannitol 
condition. E Dual-luciferase reporter assay was used to confirm the interaction between miR-532-3p and ROCK1. F ROCK1 protein expression 
was detected by WB analysis in HK-2 cells transfected with anti-miR-NC or anti-miR-532-3p. G WB analysis was used to measure ROCK1 protein 
expression in HK-2 cells transfected with si-NC, si-circ_0000064, si-circ_0000064 + anti-miR-NC or si-circ_0000064 + anti-miR-532-3p. **P < 0.01, 
***P < 0.001
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apoptosis rate and the protein expression of Bax, Bcl2, 
cleaved-caspase3, α-SMA and collagen I, we confirmed 
that the inhibitory effect of circ_0000064 knockdown 
on the apoptosis and fibrosis of HG-induced HK-2 cells 
could be eliminated by miR-532-3p inhibitor (Fig. 6I-L 
and Supplementary Fig. 1D). Hence, these data showed 
that circ_0000064 sponged miR-532-3p to regulate DN 
progression.

MiR‑532‑3p targeted ROCK1
Subsequently, targetscan software was used to pre-
dict the target of miR-532-3p, and ROCK1 3’UTR was 
found to have binding sites with miR-532-3p (Fig. 7A). 
In the serum of DN patients with microalbuminu-
ria and macroalbuminuria, ROCK1 was significantly 
upregulated compared to normal healthy volunteers at 
the mRNA level and protein level (Fig. 7B-C). Besides, 

Fig. 8  ROCK1 partially reversed the regulation of si-circ_0000064 on HG-induced HK-2 cells injury. A WB analysis was used to detect ROCK1 protein 
expression in HG-induced HK-2 cells transfected with pcDNA3.1 or ROCK1 overexpression vector. B-L HK-2 cells were transfected with si-NC, 
si-circ_0000064, si-circ_0000064 + pcDNA3.1 or si-circ_0000064 + ROCK1, and then treated with HG. B-C Cell oxidative stress was evaluated by 
measuring the levels of SOD and MDA. Cell proliferation was detected by CCK8 assay (D) and EDU assay (E). (F-H) The protein expression of PCNA 
and cyclin D1 was detected using WB analysis. I Cell apoptosis rate was determined using flow cytometry. J-L WB analysis was performed to analyze 
the protein expression of Bax and Bcl2. *P < 0.05, **P < 0.01, ***P < 0.001
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ROCK1 protein expression also was markedly increased 
in HG-induced HK-2 cells (Fig.  7D). Using dual-lucif-
erase reporter assay, we found that miR-532-3p mimic 
could inhibit the luciferase activity of ROCK1-3’UTR​
WT vector without affecting that of the ROCK1-3’UTR​
MUT vector, confirming the interaction between ROCK1 
and miR-532-3p (Fig.  7E). After silenced miR-532-3p 
using anti-miR-532-3p, ROCK1 protein expression was 
discovered to be upregulated in HK-2 cells (Fig.  7F). 
Moreover, silenced circ_0000064 remarkably reduced 
ROCK1 protein expression, while this effect could 
be reversed by miR-532-3p inhibitor (Fig.  7G). These 
data illuminated that circ_0000064 could sponge miR-
532-3p to positively regulate ROCK1.

ROCK1 partially reversed the regulation of si‑circ_0000064 
on HG‑induced HK‑2 cells injury
Then, we assessed the effect of ROCK1 in HG-induced 
HK-2 cells injury. After HK-2 cells were transfected si-
ROCK1 and treated with HG, we found that si-ROCK1 
inhibited ROCK1 protein expression induced by HG 
(Supplementary Fig. 3A). The addition of si-ROCK1 also 
increased SOD level and suppressed MDA level in HG-
induced HK-2 cells (Supplementary Fig.  3B-C). ROCK1 
knockdown accelerates cell viability, EDU incorpora-
tion, and the protein expression of PCNA and Cyclin D1 
in HG-induced HK-2 cells (Supplementary Fig.  3D-H). 
Not only that, downregulation of ROCK1 inhibited cell 
apoptosis rate and the protein expression of Bax, cleaved-
caspase3, α-SMA and collagen I, while increased the 
Bcl2 protein expression in HG-induced HK-2 cells (Sup-
plementary Fig. 3I-M). These data revealed that ROCK1 
might contribute to HG-induced HK-2 cells injury. To 
further confirm that circ_0000064 regulated DN pro-
gression by regulating ROCK1, we performed the rescue 
experiments. After transfected with ROCK1 overex-
pression vector into HG-induced HK-2 cells, ROCK1 
protein expression was markedly enhanced, confirming 
the transfection efficiency of ROCK1 overexpression 
vector (Fig.  8A). Then, HK-2 cells were co-transfected 
with si-circ_0000064 and ROCK1 overexpression vector 
followed by treated with HG. Our data showed that over-
expressed ROCK1 reversed the increasing effect of si-
circ_0000064 on SOD level and the decreasing effect on 
MDA level in HG-induced HK-2 cells (Fig. 8B-C). Also, 
the promotion effects of circ_0000064 knockdown on cell 
viability, the EDU positive cells and the protein expres-
sion of PCNA and cyclin D1 in HG-induced HK-2 cells 
could be abolished by overexpressing ROCK1 (Fig.  8D-
H). Additionally, the suppressive effect of si-circ_0000064 
on cell apoptosis rate also was reversed by ROCK1 over-
expression (Fig. 8I). Furthermore, we also observed that 
Bax, cleaved-caspase3, α-SMA and collagen I protein 

expression levels were increased and Bcl2 protein expres-
sion was decreased in the co-transfection group (Fig. 8J-L 
and Supplementary Fig. 1E). Therefore, our data showed 
that circ_0000064 knockdown alleviated DN progression 
through inhibiting ROCK1.

Discussion
The pathogenesis of DN is closely related to hypergly-
cemia, but its specific mechanism is still unclear. Stud-
ies have shown that oxidative injury and apoptosis of 
RTECs can be observed in the early stage of DN under 
HG environment [24, 25]. Therefore, RTECs injury is an 
important cause of DN development. Here, we exposed 
HK-2 cells to HG conditions to investigate the function 
of circ_0000064 in HG-induced RTECs injury. Many 
past studies had shown that circ_0000064 was highly 
expressed in cancer tissues and promoted the malignant 
progression of cancers, including gastric cancer [26], lung 
cancer [27] and hepatocellular carcinoma [28]. Our study 
showed that circ_0000064 knockdown alleviated HG-
induced HK-2 cells oxidative stress, apoptosis and fibro-
sis, suggesting that circ_0000064 might be a key regulator 
in promoting DN progression, which was consistent with 
previous conclusions [15, 16]. This result once again con-
firmed that targeted inhibition of circ_0000064 might be 
an effective way to alleviate the progression of DN.

The ceRNA mechanism of circRNA has been con-
firmed in many studies. At present, circ_0000064 is 
believed to target miR-30c-5p or miR-143 to regulate 
the biological function of mesangial cells, thereby medi-
ating the progression of DN [15, 16]. Here, we revealed 
a novel target miRNA of circ_0000064, miR-532-3p. In 
past studies, miR-532-3p has been found to play a dif-
ferent role in different types of cancers. Gu et al. showed 
that miR-532-3p could suppress colorectal cancer prolif-
eration and promote apoptosis to inhibit cancer devel-
opment [29]. On the contrary, Wang et  al. reported 
that miR-532-3p had a promotion effect on hepatocel-
lular carcinoma proliferation and metastasis [30]. MiR-
532-3p had been shown to promote ox-LDL-induced 
vascular smooth muscle cells proliferation and migra-
tion [31]. The dysregulation of miR-532-3p-CSF2RA 
axis was associated with vulnerable plaque formation 
[32]. Studies had shown that the expression of circulat-
ing miRNAs, including miR-532-3p, could be altered 
by regular endurance training [33]. A recent study has 
shown that miR-532-3p could inhibit oxidative stress 
injury caused by cerebral ischemia/reperfusion, suggest-
ing that it might be a potential target for ischemic stroke 
treatment [34]. In diabetes, the miR-532-3p expression 
might be related to chronic inflammation and oxida-
tive stress [35], and it might regulate GLUT/HK2 path-
way to participate in insulin resistance [36]. In this, we 
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confirmed that miR-532-3p had a decreased expression 
in DN patients and HG-induced HK-2 cells. The results 
of functional experiments suggested that miR-532-3p 
overexpression promoted HG-induced HK-2 cells pro-
liferation, while inhibited oxidative stress, apoptosis and 
fibrosis. The anti-oxidative stress injury effect of miR-
532-3p was confirmed in our study, which was similar to 
the previous results [34]. Additionally, the reversal effect 
of miR-532-3p inhibitor on si-circ_0000064-mediated 
HK-2 cells injury under HG condition also demonstrated 
that circ_0000064 sponged miR-532-3p to regulate DN 
progression.

ROCK1 could promote glomeruli endothelial-mes-
enchymal transition to enhance albuminuria, thereby 
aggravating DN progression [19]. Also, knockdown of 
ROCK1 was confirmed to inhibit mitochondrial fission 
to alleviate the development of DN [20, 21]. According 
to the latest research, islet transplantation could relieve 
podocytes injury via inhibiting ROCK1-related pathway 
[37]. Here, we confirmed that ROCK1 was targeted by 
miR-532-3p, and revealed that circ_0000064 sponged 
miR-532-3p to upregulate ROCK1. After overexpress-
ing ROCK1, we discovered that the si-circ_0000064-
mediated HK-2 cells injury could be reversed, which 
further confirmed that the regulation of circ_0000064 on 
DN progression was achieved by mediating the expres-
sion of ROCK1. Previous studies have shown that the 
expression of ROCK1 is related to apoptosis and oxi-
dative stress, and the loss of ROCK1 activity can effec-
tively inhibit apoptosis and oxidative stress [38, 39]. In 
this, we confirmed that ROCK1 had a pro-apoptosis 
and pro-oxidative stress role in HG-induced HK-2 cells. 
Above all, our study putted forward the result that the 
circ_0000064/miR-532-3p/ROCK1 axis mediated the 
progression of DN.

Conclusion
In summary, our study showed that circ_0000064 facili-
tated RTECs injury under HG conditions by targeting the 
miR-532-3p/ROCK1 axis to promote DN progression. 
The mitigation effect of si-circ_0000064 on RTECs injury 
revealed that circ_0000064 might be a potential target for 
DN treatment. Of course, there are some limitations to 
our research. Due to limited conditions, we have not car-
ried out in vivo tests to further confirm our conclusions. 
In future studies, we will build animal models to verify 
our experimental results.
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